Lean mass and areal bone mineral density at the lumbar spine, femoral neck, and total forearm were measured in 215 volunteer female twin pairs (122 monozygotic, 93 dizygotic), aged 10-26 years, using dual energy X-ray absorptiometry. The study was conducted in Melbourne from 1990 to1994. Under the classic twin model, there was evidence for a genetic component of variation in bone mineral density, adjusted for age or for age and lean mass, at all sites. Adjusting for lean mass almost halved the genetic variances in the adolescent years of peak growth, during which genetic variances peaked. Genetic variances were reduced in the late teenage years and Increased in early adulthood. The latter may reflect gene-environment interactions or covariation. Importantly, there was evidence for environmental effects shared by twins on lumbar spine and femoral neck bone mineral density, even when adjusted for lean mass as well as age. These were greatest during the late teenage years, abated over the years when pairs started to live apart, and appear to be independent of lean mass during adolescence but not in early adulthood. In summary, the genetic and environmental etiology of bone mineral density is more complex than previously thought. Am J Epidemiol 1998;147:17-29. bone density; family; models, statistical; osteoporosis; radiography, dual-energy scanned projection; twins, dizygotic; twins, monozygotic; variation (genetics) It is important to study bone mineral density at the hip, spine, and forearm because these measures predict osteoporotic fractures in later life (1, 2). The crosssectional variation in age-adjusted bone mineral density at these sites is large, with coefficients of variation typically between 10 percent and 15 percent (compared with 5 percent or less for blood pressure). Although lifestyle factors such as long-term smoking (3) and high calcium intake (4, 5) have been shown to influence bone mineral density, given the usual range in these "environmental" exposures, they explain only about 10 percent of variance.
It is important to study bone mineral density at the hip, spine, and forearm because these measures predict osteoporotic fractures in later life (1, 2) . The crosssectional variation in age-adjusted bone mineral density at these sites is large, with coefficients of variation typically between 10 percent and 15 percent (compared with 5 percent or less for blood pressure). Although lifestyle factors such as long-term smoking (3) and high calcium intake (4, 5) have been shown to influence bone mineral density, given the usual range in these "environmental" exposures, they explain only about 10 percent of variance.
For adult women, twin studies of age-adjusted bone mineral density have found that the correlation be-tween genetically identical (monozygotic, MZ) pairs is typically around 0.6-0.8 at the lumbar spine and femoral neck and in the range of 0.2-0.4 for fraternal (dizygotic, DZ) pairs (6) (7) (8) (9) (10) (11) . For total forearm bone mineral density, however, the difference between MZ and DZ correlations appears to decrease with age (9); a study of elderly female twins found that both MZ and DZ pairs were similarly correlated (about 0.6) (10) .
The classic twin model assumes that genetic and environmental factors act independently and additively and that the extent to which nongenetic determinants are shared within a pair is the same for MZ and DZ pairs; that is, the common environment component of variance is independent of zygosity. Consequently, any excess in the MZ correlation (covariance) compared with the DZ correlation (covariance) must be attributed to genetic factors. Therefore, the above correlations would be consistent with genetic factors' explaining the majority of variation in adult female lumbar spine and femoral neck bone mineral density. Furthermore, most of the genetic factors that cause variation in bone mineral density at the spine appear to be implicated in causing genetic variation at the hip (7) .
A role for environmental factors cannot be readily dismissed. In the relatively small twin studies to date, only common environment effects causing a large proportion of total variance are detectable once an additive genetic component is forced into the model (12, 13) . Because these studies have focused on adult pairs who no longer cohabit, it is likely that common environmental effects were not substantial. Although published correlations of mother-daughter (14, 15) and sister (16) pairs are generally consistent with the large additive genetic component suggested by the classic twin model, the correlations were less than 0.5, the samples sizes were small, and there was little power to discriminate between the effects of shared genes and shared environment.
In partitioning variance, the mean must be taken into consideration, and this has not been well appreciated (17) . In almost all the above analyses, the mean has been adjusted for age alone. As well as the generally weak associations with lifestyle factors discussed in the opening paragraph, bone mineral density is associated with measures of body composition: height, weight, lean mass, and fat mass. Of these, lean mass has been shown by the powerful co-twin method to be the best independent determinant of cross-sectional variation in bone mineral density, especially at the femoral sites, in young (18) , adult (11) , and elderly (10) women. (Lean mass, a measure of muscle mass, is related to muscle strength and may be an indicator of usual exercise and physical activity in young women (11) .) For the twins in this study, lean mass is also the best independent predictor of longitudinal changes in bone mineral density (D. Young, The University of Melbourne, unpublished manuscript). Furthermore, most of the variance of lean mass may be determined by genetic factors, and more than half the covariation between femoral neck bone mineral density and lean mass in adult women could be explained by a set of genes that influence both traits (11).
It is not known which genes determine bone mineral density variation. Although Morrison et al. (19) described an association with markers at the vitamin D receptor (VDR) locus, replication has been controversial (20, 21) . The large magnitude of bone mineral density differences within twin pairs discordant for VDR genotype that they reported was apparently based on some incorrect data (22) and has not been confirmed in twin (23) or other studies. Their claim that the VDR locus explains "up to 75 percent of the genetic effect" (19, p. 284) was not even consistent with the original incorrect data (10) . The "statistically significant" differences of a few percent between VDR genotypes, such as those demonstrated recently by Salamone et al. (24) , contribute little to the total variance. It now appears that the known markers at the VDR locus explain at most a few percent of variance, if any, leaving much unknown about the sources of genetic variation in bone mineral density.
Adolescence is a period of rapid growth. Bone mineral density, height, and lean mass increase with age around the pubertal years in a similar fashion (18) . As confirmed by longitudinal data (D. Young, The University of Melbourne, unpublished manuscript), in girls the means of these traits have virtually stabilized by the age of 16 years. The genetic variation in adolescent height has been well studied (25) . There is a surge of genetic variance around the age of puberty, which may in part be due to genetic factors' influencing age at menarche (26) . The causes of variation in adolescent bone mineral density, however, have yet to be addressed.
In this paper, we analyzed data from 215 pairs of 10-to 26-year-old female twins. The genetic and environmental determinants of bone mineral density were estimated under the classic twin model, adjusting for age alone and for age and lean mass. Two features are 1) the focus on adolescence and young adulthood, a period of changes in the rate of growth, lifestyle, and environment, and 2) the focus on absolute rather than relative sizes of variance components, allowing determination of how much the variance components change with age and decrease after adjusting bone mineral density for lean mass.
MATERIALS AND METHODS

Study population
Female twin pairs aged 10-26 years on the Australian National Health and Medical Research Council (NHMRC) Twin Registry were invited to participate (18) . The study was conducted in Melbourne from 1990 to 1994. In 89 percent of pairs, both twins were measured on the same day and, in 96 percent of pairs, they were measured within 1 month of one another. Twins were excluded if one or both suffered from major chronic illnesses and/or bone diseases or were prescribed medications known to affect bone metabolism. Zygosity was based on questions accurate in 95 percent of pairs. Height, weight, calcium intake, menstrual history, alcohol consumption, smoking status, and usual physical activity were also measured (18) . Twins were asked if they were currently living together and, if not, when they began to live apart.
Bone mineral density (in g/cm ) at the lumbar spine (L2-L4), femoral neck, and total forearm was measured in the supine position by dual energy X-ray absortiometry using a QDR 1000W instrument (Hologic, Waltham, Massachusetts). Total body soft tissue composition in terms of fat mass and lean mass (both in kg) was also measured by dual energy X-ray absorptiometry using Hologic software (version 6.10). (1) where 6 is the approximate age of maximum growth rate, A, is the maximum mean, h e is the mean at maximum growth, and \Q and \ r are parameters representing rates of change. This function has been shown to provide a good description of adolescent growth for physical characteristics, such as height (27, 28) . To model mean bone mineral density as a function of age and other covariates, such as lean mass, let
A genetic-environmental model of variation about the conditonal mean was fitted following the model Y t = fi ( + G t + Cj + E t , where G is additive genetic factors, C is nongenetic factors common to the twin pair, and E is effects specific to the individual and includes measurement error (17) . These random variables are assumed to be independent and to each follow a normal distribution with mean 0 and vari- 30) . Three basic models were fitted: model I, a 2 = 0; model n, cr a 2 = 0; and model HI, no variance component constrained. Note that the total variance and its components depend on which factors are considered in modeling the mean, jx, and may not be constants, in particular with respect to age or any other characteristic of the individual or pair.
Models were fitted by maximum likelihood under the assumptions of the multivariate normal model (30) , using the software FISHER (31, 32) . This allows modeling the variances, covariances, and variance components as functions of measured covariates and the selection of parsimonious models by reference to the likelihood ratio criterion (30) . Tests of assumptions and for outliers were performed (33, 34) . MZ and DZ pair correlations, r, and asymmetric confidence intervals were estimated using the Fisher z-transform,
. Under asymptotic likelihood theory, standard errors were estimated and used for statistical testing of differences between estimated correlations. "Significance" was defined by a nominal p value of 0.05 or less.
The variances, covariances, and variance components were modeled as fourth degree polynomials in age using FISHER (32, 34) . Although the higher terms may not have been justified in terms of improving the likelihood, they allowed flexibility in the fitted curves without a possibly artificial symmetry with age (as would occur with quadratic fits) or having at most one intermediate peak (as would occur with cubic fits). Care should be taken to not overinterpret fitted curves, especially at the extremes of age ranges.
First the total variance, a 1 , and the MZ and DZ covariances, Cov(MZ) and Cov(DZ), respectively, were fitted concurrently. Second, the variance components of the classic twin model HI were calculated from the fitted parameters above, using the equa- by equation 1 (see also figure 1 of reference 18). Variance components were estimated simultaneously with the parameters describing the mean to ensure that dependence within pairs was accounted for in calculating all standard errors of parameters (table 1) . Three age groups are considered in tables 2-5: 10-13, 14-17, and 18-26 years. Of the 67 subjects in the first group, the majority were premenarchial (the average age at menarche in those pairs who had achieved menarche was 12.9 years (18)), the 77 in the second group were almost all cohabiting, and 38 percent of the 71 in the adult group were living apart. Table 2 shows that, after adjusting for age alone, the total variance increased across the age groups for lumbar spine and femoral neck bone mineral density. For total forearm bone mineral density, the total variance was independent of age, but an order of magnitude less, even though the mean was only one half.
That is, the coefficient of variation in age-adjusted bone mineral density was about five times smaller at the forearm than at the spine or hip.
In every age group, the MZ correlation was high and greater than the corresponding DZ correlation (p < 0.001), with the one exception being femoral neck bone mineral density in 14-to 17-year-old females (p = 0.15). Note that, for lumbar spine and femoral neck bone mineral density, the DZ correlations were numerically highest in the middle age group. The estimated MZ and DZ covariances for each age group can be calculated from tables 2 and 4 by multiplying the correlation estimates by the total variance. Note that the total variance is estimated with proportionally greater precision than the correlations, so the imprecision of the covariance estimates is dictated by that of the correlation estimates and, hence, is greater for the DZ pairs. In table 3, by the likelihood ratio criterion, for all sites the log likelihood (not shown) for model I was significantly greater than that for model n, except for femoral neck bone mineral density in 14-to 17-yearold females. In those aged 10-13 years, there was evidence of a genetic component (model I) but not a common environment component once a genetic component was fit (model III). In those aged 14-17 years, however, there was evidence of a common environment component for lumbar spine and femoral neck bone mineral density and of a reduced genetic component that was not significant for femoral neck bone mineral density (model HI). In those aged 18-26 years, there was evidence of a genetic component (model I) and, after allowing for this, the common environment component was not significant at any site (model IH). The individual environment component increased across age groups for both lumbar spine and femoral neck bone mineral density but was independent of age for total forearm bone mineral density. That is, the parsimonious model as selected by the likelihood ratio criterion was, for the youngest and the oldest age groups, always the v 2 Mean bone mineral density was modeled as a function of lean mass and age following equation 2. At no site was there evidence for a nonlinear dependency on lean mass, and the lean mass effect was 0.0098 ± 0.0010 (standard error), 0.0103 ± 0.0012, and 0.0032 ± 0.0003 g/cm 2 per kg for lumbar spine, femoral neck, and total forearm bone mineral density, respectively. (Within-pair differences in lumbar spine and femoral neck bone mineral density increased linearly with within-pair differences in lean mass by 1.0 percent per kg (18) .) The residual age effect was best modeled by a cubic equation, in which case it was almost linear between the ages of 10 and 15 years but negligible by the age of 20 years.
After adjustment for mean bone mineral density for lean mass as well as age, the total variance increased between the first and second age groups but was not different in the adult ages compared with the late teenage years; see table 4. As for age-adjusted bone mineral density, for each age group the MZ correlation was high and greater than the corresponding DZ correlation (p < 0.001), except for femoral neck bone mineral density in 14-to 17-year-old females. Table 5 shows that, in 10-to 13-year-old females, there was evidence of a genetic component (model I), but not a common environment component, once that genetic component was fit (model III). The magnitude of the genetic variance at each site, however, was substantially less than it was for age-adjusted bone mineral density: by 42 percent, 44 percent, and 46 percent for lumbar spine, femoral neck, and total forearm bone mineral density, respectively (table 3) .
For lumbar spine and femoral neck bone mineral density, there was evidence of a common environment component (model II) in those aged 14-17 years old. In the 18-to 26-year age group, the genetic component was largest (models I and IH), and the common environment component was less than that in the younger age groups (model HI). The individual environment component increased between the first two age groups but was the same between the second and the third.
For total forearm bone mineral density, the genetic and total variances were relatively constant over the three age groups, and there was no evidence for a common environment component within an age group. Adjusting for lean mass made little reduction in total variance for the two oldest age groups (tables 2 and 4).
Modeling variances, covariances, and variance components as a function of age
Comparing figure 4 with figure 5 shows that adjusting lumbar spine bone mineral density for lean mass reduced the variance and twin covariances, both around the ages of peak growth (13-14 years) and from age 18 onward. Irrespective of how the mean was modeled, the MZ covariance had a shape similar to that of the total variance. The DZ covariance, however, was (slightly more) peaked around the ages of 16-18 years, especially after adjusting for lean mass. Figures 6 and 7 show that, for lumbar spine bone mineral density, the genetic component peaked around the age of 13 years, was minimum around ages 16-18, and then increased again in the early adult years. The common environment component peaked in late teenage when the genetic component was at its nadir and was negligible for those in their early twenties. The individual specific component was small and increased with age.
Comparing figure 8 with figure 9 shows that adjusting femoral neck bone mineral density for lean mass reduced the variance by a similar amount across all ages. Figure 10 shows that, adjusting for age alone, the genetic component peaked around age 14 years, while the Common environment component peaked around the early adult years when the genetic component was at its nadir and declined rapidly with increasing age thereafter. The individual specific component was small and relatively independent of age. Comparing figure 10 with figure 11 shows that adjusting for lean mass reduced the common environment component in the late teenage and early adult years.
Comparing figure 12 with figure 13 shows that adjusting total forearm bone mineral density for lean mass had little influence on the size and shape of the variance and covariances, except at the youngest age when the variation was least and the modeling most unstable. Figure 14 shows that, adjusting for age alone, the genetic variance peaked around age 13 years, while a small common environment component peaked around the early adult years and declined with increasing age thereafter. The individual specific component of variance increased with age. Comparing figure 14 with figure 15 shows that adjusting for lean mass reduced the common environment component in the late teenage and early adult years.
Comparing figure 6 with figure 7, figure 10 with figure 11 , and figure 14 with figure 15 shows that adjusting for lean mass reduced the genetic variance in adolescence and the common environment variance in adulthood but that it had little impact on the individual specific variance.
DISCUSSION
In female twins aged 10-26 years, whether adjusting mean bone mineral density at the lumbar spine, femoral neck, or total forearm for age or for age and lean mass, MZ pairs were highly correlated and more so than DZ pairs. This suggests that genetic factors play a major role in determining variation in bone mineral density at the spine, hip, and forearm during adolescence and early adult life. (Previous twin studies had suggested that this was the case in later life at the former two sites but not necessarily so at the latter site.) Furthermore, the genetic variance peaked around 
14-17
Moduli Modelll Model III
18-26
Model I Modelll Model III
10-13
14-17
18-26
Mode) I Modelll Model III
10-13
Model I Modelll Model III the ages of 13-14 years when lumbar spine and femoral neck bone mineral densities were increasing most rapidly; see table 1. This is also the age at which genetic variance in adolescent height peaks (25) .
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Both the total and genetic variances in age-adjusted bone mineral density and in age-and lean massadjusted bone mineral density increased with age in early adulthood, the time at which twins are starting to live apart from each other and, hence, away from the family home. At this age young women are having new experiences, and this may be reflected in the greater bone mineral density variances. (Note that the variance of age-adjusted lumbar spine bone mineral density in 18-to 26-year-old females was 0.015 g ? /cm 4 , compared with 0.023 g 2 /cm 4 in elderly twin pairs aged 60-89 years, also from Melbourne and measured on the same machine (10) .) The increase in genetic variance with age could be due to specific genes' having their effect at these ages. An alternate explanation is that the effects of new adult environments depend on a woman's genotype; that is, there could be gene-environment interactions (17) . It could also be due to gene-environment covariation (17) . For example, young women genetically suited to physical exercise may continue to participate in active sports once they leave school and become young adults, whereas those genetically unsuited to physical activities may become more sedentary once past their teenage years. If this was the case, any effect of physical activity on bone mass would therefore be dependent on genotype. Detection of specific gene-environment interaction or covariation effects would require particular attention to design and large sample sizes (17) . Unlike previous studies in adult and elderly twins, for these young women there was evidence for effects on bone mineral density associated with nongenetic factors shared within a twin pair while they lived together during late adolecence and early adulthood. From 17 years onward, when these twins began to live more separate lives and moved apart from one another, the evidence for common environment effects diminished with increasing age to become nondetectable by the early twenties. This suggests that some environmental or lifestyle-related factors have a considerable effect on bone mineral density variance during adolescence. These factors are closely shared by cohabiting twins, but their effects appear to abate in early adult Life. This might help to explain why common environmental effects have not been detected to date in twin studies of adult bone mineral density at these sites.
These adolescent environment effects shared by cohabiting twins were still evident after adjusting for lean mass, a possible indicator of usual exercise and physical activity. The major consequences of adjusting for lean mass were 1) to halve the size of the peak in genetic variance around the immediate years postpuberty, 2) to reduce that part of the common environment component evident in the early adult years, and 3) not to alter the magnitude of the common environment component when it peaked in the late teenage years.
It is possible, therefore, that there are lifestyle factors operating in late adolescence and early adulthood that have a substantial effect on bone density at the spine and hip. Point 1 above suggests that a considerable portion of the association between bone mineral density and lean mass in the twin pairs aged 10-15 years, which we have observed both cross-sectionally and longitudinally, is due to genes that influence both lean mass and bone mineral density. (In middle-aged and elderly women, the reduction in genetic variance after adjusting mean bone mineral density for lean mass was much less, no greater than 10-20 percent (10, 11) .) Point 2 suggests that the lifestyle factors operating in early adulthood are associated with lean mass, while point 3 suggests that those operating during late adolescence are independent of lean mass. The possibility of gene-environment interactions or covariation suggests that the effect of these Lifestyle factors may depend on genotype. 
Total forearm bone mineral density
We found evidence for a genetic influence in adolescent and young adult women on age-adjusted total forearm bone mineral density. It is likely that these influences are swamped in later life when the variance is much larger (e.g., 0.0027 g 2 /cm 4 in 60-to 79-year-old Melbourne women (10) compared with 0.0012 g^/cm 4 in the young Melbourne women of this study) and the influence of genetic factors decreasing (6, 10) . Studies in adult male twins have shown considerable withinpair similarity in longitudinal changes in total forearm bone mineral density (35, 36) . As these correlations within pairs did not differ between MZ and DZ pairs, it is plausible that the increase in variance with aging is solely due to environmental factors, consistent with data from elderly female Melbourne twins (10) . In the young group studied here, there was little support for a role of environmental effects shared by twin pairs on variation in total forearm bone mineral density.
"The more similar patterns in genetic and environmental components of variance between lumbar spine and femoral neck bone mineral density, than between lumbar 
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RGURE 15. The best fitting curves for additive genetic variance (soDd Qne), common environment variance (dashed line), and individual specific variance (dotted line) for bone mineral density at the total forearm adjusted for age and lean mass, Melbourne, 1990 Melbourne, -1994 spine or femoral neck bone mineral density and total forearm bone mineral density, suggest that there may be considerable overlap in the genes that cause variation in lumbar spine and femoral neck bone mineral density, as has been previously demonstrated using multivariate modeling (7, 11) . The application of multivariate modeling to these data will be the subject of future discussion, in which it will be determined to what extent the genetic and common environment components of bone mineral density variance at each site overlap, within and between each of the age groups.
In conclusion, the roles of genetic and environmental factors regarding variation in bone mineral density depend on age and the skeletal site under consideration. The genetic and environmental etiology of bone mineral density is more complex than previously thought, involving a substantial role in adolescent life for environmental and lifestyle factors and perhaps gene-environment interactions or covariation in early adulthood. If the former factors can be identified, it may be possible to develop intervention strategies that increase bone mineral density at the hip and spine in adolescent and young adult women.
Exercise and physical activity are candidates for these lifestyle factors shared closely by cohabiting twins but, given that adjusting for lean mass did not influence the magnitude of the common environment effect in late adolescence, other lifestyle factors may be more important. Dietary calcium intake could be one of these but, as randomized intervention studies in adolescent girls have found that quite large supplementations produce at most an increase of 1-2 percent in bone mineral density at the hip and spine (4, 5) , it can explain only a small proportion of variation. In previous analyses of within twin-pair differences (18), we could not find evidence of effects on bone mineral density for dietary calcium, physical exercise, smoking, or alcohol use. It remains to be seen whether there is sufficient cross-sectional variation, or between pair differences, in the above lifestyle factors measured by questionnaire on the twins in the current study to detect effects on adolescent bone mineral density.
